it, there has recently been an explosion of interest in how extracellular signals influence the actin cytoskeleton.
Listeria monocytogenes and other motile pathogens have become popular as simplified models of actin-based motility. Listeria propel themselves through the cytoplasm of infected cells ahead of a comet-shaped tail of actin filaments and other actin-binding proteins hijacked from the host [1] . Listeria needs only one protein of its own, ActA, to rocket through the cell, and therefore serves as a model for normal cellular actin-based shape change and movement [2] . Use of Listeria eliminates the need to consider the regulation of movement -because Listeria motility is constitutive -or the rearrangement of membrane lipids. It also eliminates any consideration of substrate attachment, as motility takes place in the cytoplasm or in cytosolic extracts. ActA projects from the plasma membrane of Listeria and is thought to recruit host proteins which cause new actin filaments to nucleate on the outer surface of the bacterium. Other cellular proteins from the host then promote rapid actin polymerization and help to build a scaffold for motility by cross-linking the actin filaments [1, 3] .
Proteins in the Ena/VASP (Enabled/vasodilator-stimulated phosphoprotein) family have recently been identified as major contributors to Listeria motility [4] [5] [6] [7] [8] . Mammalian Ena/VASP members are Mena, n-Mena, EVL and VASP. The members are 60-70% identical to each other, and contain several highly conserved sequence motifs, including a number of proline-rich domains scattered throughout their central regions. These domains
Figure 1
Actin filament nucleation and assembly. The steps in actin filament assembly from pure actin monomer are known to involve the initial formation of highly unstable dimers and then the formation of more stable trimers, which form the nucleus for elongation into filaments [23] . Nucleus formation is the rate-limiting step in actin filament formation and is thus expected to be highly regulated in cells. Further assembly of the filament is referred to as elongation. The filament end that has a lower affinity for actin monomers is called the pointed end [24] .This end is proposed to be the site of most of the cellular actin filament disassembly and generally faces toward the cell body. The fast-growing end, which has a higher affinity for actin monomer or profilin-actin complexes, is called the barbed end [24] ; it points towards the plasma membrane within cells and is the site of actin assembly during lamellipodial projection. bind to profilin [5, 6, 9] , which forms a 1:1 complex with an actin monomer. The profilin-actin complex can assemble actin on the barbed end of a growing filament (Fig. 1 ) [10] . As most of the monomeric actin in the cell is probably bound to actin-binding proteins, profilin may perform the function of shuttling actin monomers to the barbed ends of elongating filaments. The ActA-VASP-profilin interaction is thought to form the basis of the rapid elongation of actin filaments that is associated with the presence of Listeria in infected cells (reviewed in [3] ). As the overexpression of Mena in fibroblasts induces abnormal outgrowths that are rich in filamentous (F) actin [5] , it seems that Ena/VASP proteins can facilitate actin polymerization within cells as well as on the surface of bacteria.
Immunofluorescence data suggest that Ena/VASP is localized both at the leading edge of the cell, where it can participate in actin-based cell motility, and in focal adhesions at the ends of stress fibers [4, 5, 11, 12] . The co-localization of Ena/VASP with focal adhesions is puzzling, because focal adhesions do not appear to be highly dynamic structures, nor are they preferential sites of actin polymerization in cells. However, Ena/VASP binds in vitro to vinculin [13] and zyxin [14] , which are components of focal adhesions. Perhaps Ena/VASP is initially diffuse or in small integrincontaining complexes near the leading edge of a migrating cell, and gradually becomes incorporated into focal adhesions as actin is bundled into stress fibers. At the leading edge, these small integrin complexes may enhance actin polymerization in an analogous manner to the ActA-VASP complexes on Listeria. Alternatively, vinculin and zyxin could serve as negative regulators of Ena/VASP. For example, depletion of Ena/VASP from the peripheral lamella may occur upon formation of focal adhesions.
Surprisingly, deletion of Ena/VASP binding sites from Listeria ActA slowed, but did not abolish, actin polymerization and Listeria motility [6] . Thus, it was clear that the initiation of actin filament polymerization and the building of the actin comet tail on Listeria must be organized by other cellular proteins. Once again, the race was on to identify a second host-cell factor responsible for these tasks. Unexpectedly, Welch et al. [15] found that a complex containing the actin-related proteins Arp2 and Arp3 with five other polypeptides, the Arp2/3 complex, is sufficient to promote actin assembly on Listeria. This complex, previously identified in Acanthamoeba as a component of the actin-rich cortex [16] , is now a strong candidate for an actin organizer at the leading edge of motile cells.
The Arp2/3 complex was first described in Acanthamoeba using affinity chromatography of amoeba cytosol on a profilin-agarose column. In addition to Arp2 and Arp3, the complex contains polypeptides of 40, 35, 19, 18 and 14 kDa in amoebae, and of similar sizes in humans [15, 16] . The yeast homolog of the 40 kDa protein is a suppressor of a profilin mutation [17] ; the 40 kDa protein also has a human homolog, Sop2p-Hs, and shows weak homology to the beta subunits of heterotrimeric G-proteins. In addition to the Listeria data, analysis of the biochemistry, structure and cell biology of the Arp2/3 complex in Acanthamoeba has indicated that it might be important in actin dynamics [18] . This raises the exciting possibility that the Arp2/3 complex organizes actin filaments at the leading edge of the cell, and thus regulates cell motility. The Arp2/3 complex cross-links actin filaments in vitro, decorating their entire length [18] . This agrees with the finding that the Arp2/3 complex is localized along the actin tail in motile Listeria [15] . In amoebae, however, there is at least 100-fold less Arp2/3 complex than actin, so stoichiometric binding to total cellular F-actin is not possible.
The biophysical properties of the Acanthamoeba Arp2/3 complex suggest that it contains one molecule of each of the seven subunits, which can be chemically cross-linked to each other and also to actin (Fig. 2) [18] . Supporting evidence comes from the biochemical analysis of the human Arp2/3 complex [15] . It is interesting that three of Dispatch R165
Figure 2
Arrangement of the subunits of the Arp2/3 complex as determined by chemical cross-linking studies. The seven subunits of the Arp2/3 complex appear to form a horseshoe shape by electron microscopy [18] , and points of contact between the subunits are shown here as touching circles. Asterisks represent sites of cross-linking to actin, but it is not yet known which of the three polypeptides, p18, p19 or p14, cross-links to actin. A region of Arp2 shows sequence conservation with the profilin-binding site of actin [19] and therefore might bind to profilin. (Adapted from [18] .)
Profilinbinding? the seven proteins potentially bind to actin, suggesting that the complex could interact with more than one actin subunit, which is consistent with the complex having a function in filament nucleation or cross-linking. Threedimensional modeling studies based on amino-acid sequence imply that Arp2 and Arp3 do not polymerize but may form a heterodimer either with each other or with actin. In addition, residues in the profilin-binding region of actin are conserved in Arp2 but not Arp3, suggesting that this may be the region of interaction between profilin and the Arp2/3 complex [19] .
Arp3
Genetic and biochemical studies with the yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe have provided the first in vivo data on the functions of Arp2, Arp3 and Sop2p. In S. cerevisiae, Arp2p is co-localized with a subset of actin patches -clusters of actin filaments and actin-binding proteins near the plasma membrane [20] . Mutants lacking Arp2 display a randomized organization of actin patches, as well as an altered chitin distribution, budding abnormalities, osmotic sensitivity and reduced endocytosis. All of these abnormalities suggest that mutant cells have defects in their actin cytoskeleton [20] . In S. pombe, Arp3p co-localizes with cortical actin patches, and the arp3 gene is required for reorganization of the actin cytoskeleton during the cell cycle [21] . Arp3p is also found in a complex with Sop2p, which localizes to actin patches and actin cables -bundles of actin filaments and associated proteins traversing the length of the cell. This unique distribution suggests that a proportion of the Sop2p may be functioning independently of Arp3p [17] .
The remarkable structural and functional conservation of the Arp2/3 complex from yeast to man suggests that it has a fundamental role in cell motility. Clearly, further studies are needed to understand the real cellular function(s) of this complex and its components, but some fascinating possibilities are suggested by the recent studies. Figure 3 shows an updated model of actin polymerization on the surface of Listeria. VASP is shown binding to one of four possible proline-rich repeats on ActA, thus recruiting profilin-actin complexes to sites favorable for filament elongation at the surface of the bacterium. The Arp2/3 complex is shown to have two possible roles: nucleation/elongation of actin filaments, or cross-linking of filaments to form the scaffolding of the tail.
Many questions remain regarding the roles of both the Ena/VASP proteins and the Arp2/3 complex in the actin dynamics of cell motility. Is there a cellular analog of ActA, or does ActA represent an aberrant 'fusion' of more than one cellular protein/lipid function that allows the A model for actin assembly leading to the formation of the actin tail in Listeria monocytogenes. The ActA protein serves as a scaffold, linking the host VASP-profilin-actin complex to the bacterial surface, and also making an essential connection with the assembling actin tail through a basic region required for actin filament formation (red box).
The cycle of assembly of actin filaments may include four steps: 1 free profilin in the cytoplasm binds to actin monomer; 2 profilin-actin complex binds to VASP, concentrating the profilin-actin near the sites of actin polymerization; 3 profilin-actin may add directly to the barbed end of the actin filament, possibly by being handed over to the Arp2/3 complex, which binds both profilin and actin; 4 profilin dissociates from the barbed end complex and may be released to restart the cycle. In addition to facilitating addition of actin monomer onto the barbed ends of filaments, the Arp2/3 complex may participate in cross-linking the actin filaments in the Listeria tail. bacterium to have privileged access to cell motility components within the host? Also, how does the Arp2/3 complex, which may have nucleating activity for actin, coordinate its activities with the uncapping of existing actin filaments? Most actin filaments in a cell are blocked from polymerization by a capping protein bound to the barbed end. Uncapping is thought to require the production of polyphosphoinositides from components in the plasma membrane, which then bind to and remove capping proteins, leaving free barbed ends on the actin filament [9, 22] . This is an established model for how cells produce a burst of actin polymerization in response to a signal, but obviously cannot be a model for Listeria motility, because the polyphosphoinositide signaling system resides in the plasma membrane of the cell. Whatever the answers happen to be, we can look ahead with excitement to more surprises as we now try to understand the contributions of the Ena/VASP proteins and the Arp2/3 complex to actin dynamics and cell motility.
